e scattering and absorption efficiencies of light by a single silicon/silica/gold spherical multishell in biological tissues are analyzed theoretically in the framework of Lorenz-Mie theory and finite-difference time-domain formalism. We first revised the ideal case of a concentric silicon/gold nanoshell, analyzed the effect of growing a silica layer of uniform thickness around the silicon core, and then examined the effect of an offset of the gold shell with respect to the centre of the silicon/silica nanoshell. Our simulation showed that the silicon/gold nanoshell in the biological tissue supports significant absorption and scattering resonances in the biological spectral window. On the contrary, the growth of a silica layer on the silicon core surface leads to a blueshift of these resonances accompanied by a slight increase of their magnitudes. e offset of the gold shell with respect to the silicon/ silica core results in a redshift of the absorption and scattering resonances supported by the concentric silicon/silica/gold multishell within the biological window, accompanied by a decrease in their amplitudes. On the contrary, the gold shell offset gives rise to a more prominent electric field enhancement at the silicon/silica/gold multishell-biological tissue interface. Our simulation thus shows that silicon/silica/gold multishell nanoparticles are potential candidates in bioimaging and photothermal therapy applications.
Introduction
In the last decade, metallic nanoparticles have known growing interest due to their unique electronic and optical properties that are dominated by the localized surface plasmon resonance (LSPR) [1] . A localized surface plasmon is a collective spatial oscillation of the conduction electrons in a metal nanoparticle. e interaction of LSPRs with incident light can either lead to an efficient scattering of light and/or absorption of light resulting in the metal heating. Hybrid core/shell nanoparticles with a dielectric core and a metallic shell have also aroused a particular interest; this interest is due to the fact that such the heterostructure provides additional degrees of freedom such as the material type and the relative core and shell sizes to tailor their optical response for specific applications. In particular, gold nanoshells have attracted significant attention for its application in biotechnology and biomedicine [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] because of its good biocompatibility and high chemical stability in addition to its tunable optical properties.
e occurrence of morphology-dependent LSPRs in metallic nanostructures has stimulated numerous simulation studies [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . e simulation of interaction of light with metallic nanostructures is an important part of the scientific progress in the plasmonic field. In the one hand, the simulation technique is used in order to validate experimental measurements; on the other hand, it plays an important role in designing new nanostructures with specific properties. In the latter context, it fits our recent work [26] in which we have simulated the optical response of a single silicon/gold core/shell concentric nanosphere in air. We have shown that this nanoshell model supports absorption resonances of light in the spectral range 600-1200 nm where the pure gold nanoparticle and SiO 2 /Au nanoshell never absorb. is property is very interesting if one considers this kind of nanoshell in bioimaging and photothermal therapy applications.
In the present work, we proceed with the same model of nanostructure. But this time, we will discuss a deviation from an ideal structure, which is likely to be encountered in the growth phase. We thus envisage the growth of a thin silica layer just on the surface of the silicon core, on the one hand, and a break in the centrosymmetry caused by an offset between the centre of the SiO 2 /Au core and that of the gold shell, on the other hand. A particular attention is devoted to the influence of silica shell thickness and the core offset on the scattering and absorption efficiencies of such Si/SiO 2 /Au nanostructure embedded in a biological tissue.
Theoretical Approach
e problem consists of a single spherical particle of radius a embedded in a homogeneous nonabsorbing medium and illuminated by an electromagnetic plane wave propagating in the z direction, as illustrated schematically in Figure 1 .
e particle is a heterostructure composed of a silicon core cut in the form of a sphere of radius c coated with a concentric thin shell of silica of external radius b and a gold shell of external radius a. e offset between the centres of the Si/SiO 2 core/shell and the gold shell is designated as δ.
e interaction of the incident light with the nanoparticle is governed by Maxwell's equations. e resolution of these spatiotemporal partial differential equations, imposing boundary conditions at the Si-SiO 2 , SiO 2 -Au and Ausurrounding medium interfaces, allows determining the electromagnetic field ( E → , H → ) at any point inside and outside the particle. e ability of a nanoparticle to scatter and to absorb incident light can be expressed by the scattering cross section C sca and the absorption cross section C abs . ey represent the rate at which the incident radiation is scattered and absorbed by the particle, respectively; they are defined by the following equation:
where I inc is the incident irradiance, whereas W ext , W sca , and W abs stand for the electromagnetic power extinguished, scattered, and absorbed by the particle, respectively. W sca and W ext are defined as the flux of the time-averaged Poynting vectors across an immaterial surface S around the particle:
where
are the incident and the scattered electromagnetic fields, respectively.
For a particle of simple geometrical form, one introduces dimensionless cross sections called the scattering efficiency Q sca and absorption efficiency Q abs ; they are defined by the following equation:
where G is the particle cross-sectional area projected onto a plane perpendicular to the incident beam (for a spherical particle, G � πa 2 ). An exact solution of Maxwell's equations can be accomplished analytically using the Lorenz-Mie theory [28] .
is theory, however, is restricted to cases of centrosymmetric spheres and axiosymmetric cylinders. For the other cases, we are satisfied with an approximate resolution. e finite-difference time-domain (FDTD) method or Yee's method [29, 30] is proved to be a numerical analysis technique of choice. A detailed description of the FDTD method can be reviewed elsewhere (for example, refer [31] ). In our present work, we have used commercialized FDTD Lumerical software.
Results and Discussion
e formalism described above is used to compute optical response of a single Si/SiO 2 /Au multishell spherical nanoparticle immersed in a biological tissue of refractive index 1.44 [21] . Values of the complex indexes of refraction measured for bulk amorphous SiO 2 [32] , bulk crystalline Figure 1 : A schematic representation: a silicon/silica/gold spherical particle in space reported to the fixed coordinate system (O, x, y, and z) is illuminated by an x-polarized plane wave propagating along the z-axis. e centre of the silicon/silica nanoshell is taken as the origin of coordinates. a, b, and c are the radii of the silicon sphere, the silica shell, and the gold shell, respectively. δ measures the offset between the centre of the gold shell and the centre of the silicon/silica nanoshell.
silicon [33] , and bulk crystalline gold [34] were used. e missing data were interpolated from the available experimental data by the cubic spline interpolation method. For gold, the complex refractive index was corrected for the nanoparticle size [35] .
e refractive indexes n and the extinction coefficients κ for the three materials considered here are shown as curves in Figure 2 over the wavelength range 200-1500 nm.
3.1.
Si/Au Concentric Nanoshell. Before approaching the Si/ SiO 2 /Au multishell nanoparticle, which is the main objective of this study, we decided to return to the ideal case of a Si/Au concentric nanoshell. As mentioned above, the latter has already been the subject of our previous work, but the host matrix was air. is time the medium in which the nanoshell is immersed is a biological tissue. e scattering and absorption efficiencies of such nanostructure are plotted in two-dimensional colour maps as a function of the particle diameter D(� 2a) and the wavelength in vacuum λ; the results are shown in Figure 3 . Our calculations are given for particle diameters in the 10 − 500 nm range, a fixed shell thickness fraction t f (� (b − a)/b) of 0.28, and for wavelengths in the 200 − 1400 nm range.
An overall observation of these colour maps shows the same overall aspect as that obtained for a Si/Au nanoshell in air [26] . In particular, for t f < 0.5, an intense branch of absorption resonances is distinguished above λ � 600 nm, attributed to the so-called surface plasmon resonances. It manifests itself for particle diameters in the range ∼ 50−150 nm, irrespective of the shell thickness fraction, and over a corresponding finite spectral range, which redshifts by reducing the gold shell thickness fraction. e spectral range of this absorption branch lies well within the NIR window of the biological tissue [36] that is identified on the maps of Figure 3 by vertical dashed lines. For t f � 0.28, for example, incident radiations of wavelengths close to 870 nm are absorbed efficiently by Si/Au nanoshells with diameters close to 95 nm. On the contrary, the scattering efficiency colour maps displayed in the bottom of Figure 3 highlight a relatively low scattering efficiency corresponding to the SPR branch. us, the Si/Au nanoparticles of sizes close to 95 nm in biological tissues absorb almost totally the light in the first spectral window. Larger nanoparticles, by cons, scatter completely the incident light in the second window.
ese observations are made more evident in Figure 4 by showing a direct comparison between the curves of absorption and scattering efficiencies of light by a Si/Au nanoshell in human tissues with an outer diameters of 95 nm and 220 nm and a shell thickness fraction of 0.28. Figure 4 also shows a similar comparison between the curves of absorption and scattering efficiencies of light by the Si/Au nanoshell in vacuum with a thickness fraction of 0.28 and outer diameters of 140 and 250 nm corresponding to the maximum absorption and the maximum scattering of light within the second window, respectively. A careful examination of Figure 4 shows a more efficient absorption of light in the first window by the Si/Au nanoparticles in the biological tissue and, in addition, with smaller sizes. Still interesting is the significant enhancement of the light scattering efficiency in the second spectral window when inserting the Si/Au particles into a biological tissue. As a matter of fact, resonances of absorption and scattering of light by Si/Au nanoshells in biological tissues are found to be more intense in efficiency than those supported by Si/Au nanoparticles in air.
In order to further characterize the optical properties of Si/Au nanoparticles in biological tissues interacting with incident light, we examined the distribution of the relative electric field intensity (|E| 2 /|E inc | 2 ) within and around the nanoparticle. Figure 5 shows colour maps of the relative electric field intensity in the main section xoz of the nanoparticle containing the incident polarization direction and the propagation direction. ose colour maps are drawn up for wavelengths corresponding to the maximum absorption resonance in the first window and the maximum scattering resonance in the second window. For comparison, Figure 5 also shows the maps corresponding to the Si/Au nanoparticle in air. To facilitate direct comparison between the two host media, we used the same colour scale. In biological tissues, the electric field intensity reaches much higher values than in the air. More interesting is that the biological tissue results in a more intense confinement of the electric field in the silicon core and therefore a more efficient absorption inside the nanoparticle. For infrared scattering resonance in the biological tissue, the electric field in the core becomes much less intense compared to what it was when the medium was the vacuum, which explains the dominance of the scattering on the absorption in the second spectral window when the host medium is the biological tissue.
e results obtained from this preliminary study carried out on silicon/gold core/shell nanoparticles in biological tissues highlight the fact that these nanostructures are potential candidates for bioimaging and photothermal therapy applications.
Si/SiO 2 /Au Concentric Multishell.
We now return to our main system, namely, the Si/SiO 2 /Au multishell in biological tissues. We first start with the ideal case which consists of a concentric heterostructure, shown schematically at the top of Figure 6 . Figure 6 displays a direct comparison between the absorption efficiency curves, on the one hand, and between the corresponding scattering efficiency curves, on the other hand, for two Si/SiO 2 /Au multishells with total diameters of 95 nm and 220 nm, a gold shell thickness fixed at 13.3 nm and 30.8 nm, respectively, but a silica shell of variable thickness. Note that, in the absence of the silica shell, we find the concentric Si/Au nanoshells with diameters of 95 nm and 220 nm and a gold shell thickness fraction of 0.28, which have already been the subject of the previous section. For the comparison, the corresponding absorption and scattering curves are shown in the same figure with black lines.
From Figure 6 , it is noted that the growth of the silica layer on the surface of the silicon core, while the gold shell thickness is kept fixed, which results in a blueshift of the absorption and scattering resonances supported by the original Si/Au nanoshell. is blueshift is found to be dependent 4 Advances in Materials Science and Engineering on the silica layer thickness; indeed, it increases with the increasing thickness of the silica shell. For the thickness fraction of the gold shell and the thicknesses of the silica layer envisaged here, the most efficient absorption resonances still reside in the first spectral window of the biological tissue with the same, or even slightly better, magnitude as in the case without the silica shell. More quantitatively, the absorption band which was at 860 nm in the absence of silica is offset towards the lower limit of the first window, that is to say 700 nm, for a silica shell thickness of 6 nm. However, the corresponding scattering bands, which also lie within the first spectral window, gain importance with respect to the associated absorption bands; more quantitatively, the maximum relative efficiency of the scattering band increases from 27% in the absence of silica to 73% in the presence of a silica layer of 6 nm thick. On the contrary, the light scattering in the second spectral window of the biological tissue is still supported by the large Si/SiO 2 /Au multishell and, most interestingly, with the same efficiency as the case of the Si/Au parent nanoshell. Even more interesting is the fact that the corresponding absorption efficiency is weakened in the presence of the silica layer on the surface of the silicon core. e distribution of the relative electric field intensity (|E| 2 /|E inc | 2 ) in the main section xoz of the Si/SiO 2 /Au concentric multishell interacting with a plane light wave is shown at the top of Figure 7 as two-dimensional colour maps. ose maps are established for two resonances observed on the curves of absorption and scattering efficiencies displayed in Figure 6 with the green colour: one at 726 nm corresponding to the absorption resonance and the other at 986 nm corresponding to the scattering resonance. As can be seen from the colour scale bar, the intensity of the electric field in the Si/SiO 2 /Au concentric multishell at the absorption resonance reaches values much greater than those supported by the parent Si/Au nanoshell of the same size and the same gold shell thickness; at the infrared scattering resonance, however, the maximum values of the intensity of the electric field are practically the same. Inside the multishell, the electric field is virtually entirely confined in the silica layer for both types of resonances.
Si/SiO 2 /Au Eccentric Multishell.
After analyzing the effect of the silica layer between the silicon core and the gold shell on the response of a Si/Au concentric nanoshell in interaction with an electromagnetic plane wave, we now examine the effect of an eventual offset between the centre of the Si/SiO 2 nanoshell and the centre of the gold shell. Hereinafter, this offset is denoted by δ, as indicated in the schematic representation of the eccentric Si/SiO 2 /Au multishell shown at the header of Figure 8 . On the other contrary, we have limited ourselves to two configurations: one corresponding to an offset parallel to the direction of the electric field, that is to say parallel to the x-axis, and the other corresponding to an offset parallel to the magnetic field, that is to say parallel to the y-axis, with reference to Figure 1 .
Recall that the problem of the eccentric Si/SiO 2 /Au multishell was recently undertaken by Wang et al. [37] .
ese authors considered the case where the silicon core is offset from the centre of the gold shell so that the latter holds its spherical symmetry and therefore a uniform thickness, while the silica layer is nonuniform around the silicon core.
is case is obviously different from ours. In order to ensure that our software works well, we have reconsidered two of their nanostructures in vacuum, one concentric and the other eccentric with an offset of 15 nm in the direction of the incident electric field, and we have computed their scattering spectra. We have found practically the same results as obtained by these authors. Our designed eccentric multishells are obtained by moving away the Si/SiO 2 nanoshell with respect to the centre of the gold shell; the gold shell thickness is therefore nonuniform around the Si/SiO 2 nanoshell. We have thus generated two sets of eccentric multishells: the first corresponds to an offset in the direction of the incident electric field by a distance δ x , and the second corresponds to an offset in the direction of the incident magnetic field by a distance δ y , in accordance with our choice of the axes system depicted in Figure 1 . Two parent concentric Si/SiO 2 /Au multishells were chosen among those studied in the previous section: one designated as 56/68/95 and the other as 146.4/158.4/220; both have a silica layer of 6 nm thick. e absorption efficiency curves calculated for the eccentric multishells derived from the first parent multishell are plotted in Figure 8 ; it also shows the scattering efficiency curves computed for the eccentric multishells derived from the second parent multishell. For comparison, we have displayed the curves corresponding to the parent concentric multishells in black colour. An overall observation of Figure 8 shows that, for the values of the offsets considered here, the overall aspect of the absorption curves and that of the scattering curves of light by eccentric multishells is practically identical to those obtained with the parent concentric nanoparticles. A detailed observation shows, however, a redshift of the main resonance bands accompanied by a decrease in their amplitudes. On the contrary, a feature on the small wavelength side, which appears as a shoulder on the main absorption resonance band, grows and redshifts by increasing the nanoshell offset. Interestingly, when comparing Figure 8 with Figure 6 , it can be seen that the effect of the growth of a silica layer on the silicon core, on the one hand, and the effect of the Si/SiO 2 offset with respect to the Au shell, on the other hand, are antagonistic. Indeed, the first causes the main resonance bands to move away from the spectral window of the biological tissue, whereas the second one brings them back into it. A close examination of Figure 8 also shows that the scattering efficiency is practically independent on the orientation of the offset direction relative to the polarization of the incident light. is is also the case for the absorption efficiency but with respect to the spectral positions of the resonance bands only; however, their intensities are offset direction dependent.
e independence of the plasmon energies on the relative orientation of the gold shell offset is previously predicted by the plasmon hybridization theory developed by Wu and Nordlander [38] in gold nanoshells with a nonconcentric cavity.
e spatial distribution of the relative electric field intensity (|E| 2 /|E inc | 2 ) in a main section of the Si/SiO 2 /Au eccentric multishell interacting with an electromagnetic Figure 7 (the upper panels). As can be seen from the colour scale bars, the maximum of the electric field enhancement factor supported by the eccentric Si/SiO 2 /Au multishell far exceeds its counterpart in the parent concentric multishell, and this is true both at the absorption resonance and scattering resonance. In both cases, the maximum enhancement lies in the silica layer, as was the case in concentric multishells, but this time localized near the thin gold shell zone, forming the so-called hotspots. More interesting is the enhancement of the electric field at the nanoparticle-biological tissue interface. It is less important than that observed in the silica layer, but it is much more significant than its counterpart supported by the parent concentric multishell.
Conclusions
e present work is devoted to the simulation of the absorption and scattering efficiencies of light by a single Si/SiO 2 /Au spherical multishell embedded in a biological tissue. We first revised the ideal case of a concentric Si/ Au nanoshell, analyzed the effect of growing a silica layer of uniform thickness around the silicon core concentric to the gold shell, and then examined the effect of centrosymmetry breakdown caused by an offset of the gold shell with respect to the centre of the Si/SiO 2 nanoshell.
Our simulation showed that the Si/Au nanoparticle in the biological tissue supports absorption and scattering resonances within the biological optical window more significant than in vacuum. On the contrary, the growth of a uniform layer of silica on the surface of the silicon core leads to a blueshift of these resonances that increases with the thickness of this layer without significantly modifying their magnitudes. For low values of the silica layer thickness, no more than 6 nm, these absorption and scattering resonances still reside in the first-and secondoptical windows of the biological tissue, respectively. e offset of the gold shell with respect to the Si/SiO 2 core results in a redshift of the absorption and scattering resonances supported by the concentric Si/SiO 2 /Au multishell within the biological window, accompanied by a decrease in their amplitudes. e magnitude of these effects depends, in fact, on the offset value and also on the direction of the offset with respect to the polarization of the incident light. Our findings thus show that the deviation from an Si/Au ideal nanostructure due to the growth of a silica layer at the silicon surface and/or a gold shell offset in no way diminishes the quality of its optical response. More interesting is a more prominent electric field enhancement at the eccentric multishell-biological tissue interface.
ese observations still make Si/SiO 2 /Au multishells of potential candidates for bioimaging and photothermal therapeutic applications. e realization of these observations on the practical level is our challenge at the moment.
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